This paper presents an automated crack visualization technique using ultrasonic wavefield images obtained by a complete noncontact laser scanning system. First, the complete noncontact laser scanning system is built by integrating and synchronizing a Q-switched Nd:YAG laser for ultrasonic generation, a laser Doppler vibrometer for ultrasonic measurement and galvanometers for scanning. Then, four different laser scanning schemes are compared to find the most effective and practical ultrasonic scanning strategy for the presented application. Second, a novel image processing technique is developed to isolate and visualize crack-induced standing wave energy from the constructed ultrasonic propagation images. Finally, the effectiveness of the proposed laser ultrasonic scanning system and imaging processing technique is experimentally verified using ultrasonic scanning images obtained from an aluminum plate. The test results confirmed that a hidden notch invisible from the scanned surface was successfully detected and visualized, while no false positive alarm was triggered for an intact specimen.
Introduction
There have been increasing demands for structural health monitoring (SHM) techniques to better safeguard civil, mechanical and aerospace systems. In particular, ultrasonic based SHM techniques are garnering attention because ultrasonic waves are sensitive to even small defects and can travel a relatively long distance with little attenuation [1] [2] [3] [4] [5] [6] . For ultrasonic based SHM, contact-type transducers are typically surface mounted or embedded on test structures, but these ultrasonic techniques which rely on contact transducers suffer from the following problems: (1) because ultrasonic excitation and sensing using contact transducers are limited only to several discrete points, it is often difficult to achieve spatial resolution high enough to detect small incipient damage; (2) transducer installation and cabling can be costly and labor-intensive especially as the number of required 1 Author to whom any correspondence should be addressed. transducers increases; (3) often the transducers and cables are vulnerable to damage and become the weakest link in the system, potentially increasing the maintenance costs; (4) many contact transducers are not applicable under harsh environments such as high temperature and radioactive conditions; and (5) for certain applications, it is not desirable to use contact transducers because the added transducers can alter the dynamic characteristics of the target structures.
To address these shortcomings of contact transducers, there is a strong desire to adopt noncontact laser ultrasonic techniques, which have been extensively studied by the nondestructive testing (NDT) community, to SHM applications. For instance, noncontact laser ultrasonic excitation has been achieved by using pulse [7] [8] [9] [10] [11] [12] [13] and continuous lasers [14, 15] , and ultrasonic sensing has been performed based on laser interferometry [16] [17] [18] [19] [20] . The collected data are processed to detect various types of defects in metal and composite structures [13, [18] [19] [20] . When noncontact excitation and sensing lasers are combined with scanning Figure 1 . Schematic diagram of the complete noncontact laser ultrasonic scanning system: the developed system consists of three units, i.e. excitation, sensing and control units. The Q-switched Nd:Yag pulse laser in the excitation unit emits a high-power pulse laser beam toward a target point through the galvanometer when a trigger signal is transmitted from the control unit. The same trigger signal simultaneously activates the sensing unit. Then, the corresponding ultrasonic responses are measured by LDV in the sensing unit and transmitted to the control unit. The control unit also sends out control signals to regulate the movements of the galvanometers. Finally, the post-processing and visualization of measured ultrasonic wavefields are carried out in the control unit. Note that 'Sync' represents synchronization. capability, noncontact laser ultrasonic techniques can provide the following advantages: (1) ultrasonic wavefield images with high spatial resolution can be constructed without any sensor placement, making subsequent damage diagnosis more intuitive and easier; (2) particularly, damage diagnosis can be performed without using baseline data obtained from the pristine condition of a target structure, enabling this reference-free technique to be less vulnerable to false alarms due to changing environmental and operational conditions; and (3) because no transducer needs to be placed on the target structures, noncontact techniques are nonintrusive, cost effective, rapidly deployable, applicable to harsh environments and require less maintenance.
In this study, a complete noncontact laser scanning system is developed for ultrasonic excitation and sensing, and a novel image processing technique is proposed for automated damage visualization and diagnosis. The laser ultrasonic scanning system is developed by integrating a Q-switched Nd:YAG pulse laser for ultrasonic generation, a laser Doppler vibrometer (LDV) for ultrasonic measurement and galvanometers with focal lenses for laser scanning. The developed laser scanning system allows scanning of both ultrasonic excitation and sensing laser beams, thus making it possible to scan a large surface. Then, four different laser ultrasonic scanning schemes are compared to find the most effective and practical strategy for our specific application. Next, a novel image processing technique is developed so that only standing wave energy created by a crack can be extracted and visualized for automated crack diagnosis. Using the proposed laser scanning system and image processing technique, a subsurface notch invisible from the scanned surface of an aluminum plate was successfully identified, isolated and visualized. This paper is organized as follows. First, the development of the complete noncontact laser ultrasonic scanning system is described in section 2. Four different laser scanning schemes and the selection of the optimal scanning strategy for our application are discussed in section 3. Subsequently, the image processing technique for automated crack visualization and diagnosis is developed in section 4, and the experimental results are presented in section 5. Finally, this paper concludes with a summary and discussions in section 6.
Development of a complete noncontact laser ultrasonic scanning system
The proposed complete noncontact laser ultrasonic scanning system is composed of excitation, sensing and control units as shown in figure 1 . The overall working principle is as follows. First, virtual grid points on the target surface are created using a built-in digital camera and a software program developed in this study. Also, the sequences of excitation and sensing scanning points are predetermined. Note that different scanning schemes can be employed at this stage, and these schemes are further discussed in section 3. Once the grid points and scanning sequences are predetermined, the controller in the control unit sends out a trigger signal to the excitation unit to fire the excitation laser beam to the first prescribed excitation point. The same trigger signal is simultaneously transmitted to the sensing unit to activate data acquisition. Then, the response signal is collected at a specified measurement point, transmitted to and stored in the control unit. Next, the control unit moves the excitation or sensing laser beam or both laser beams automatically to the next scanning point(s) by sending control signals to the relevant galvanometer(s). By repeating the ultrasonic excitation and sensing over the prescribed grid points, ultrasonic wavefield images can be constructed over the target surface and processed for automated damage visualization.
The excitation unit comprises a Q-switched Nd:YAG pulse laser, a galvanometer and a focal lens. The Nd:YAG laser employed in this study has a wavelength of 1064 nm and a peak power of 3.7 MW and generates a pulse input with 8 ns pulse duration at a repetition rate of 20 Hz. The galvanometer has a maximum rotating speed of 5730 • s −1 , angular resolution of 0.00066 • and an allowable scanning angle of ±21.8 • . The initial laser beam size (diameter) emitted from the galvanometer is about 4 mm. Since this beam size is relatively large to achieve high spatial resolution, the focal lens installed in the front side of the galvanometer adjusts the beam size to 0.5 mm at the optical focal length of 2 m. Ultrasonic waves are created through the thermal expansion of an infinitesimal area heated by the high power laser. The power level, laser pulse duration and laser beam size need to be carefully tailored because high power density of the laser beam above a certain threshold will cause surface melting, vaporization, ablation and plasma phenomena [7] .
For the sensing unit, a commercial scanning LDV (Polytec PSV-400-M4) with a built-in galvanometer and an auto-focal lens is used [21] . The laser source used for this LDV is a helium neon (He-Ne) laser with a wavelength of 633 nm. When the LDV operates with multimode lasers (two or three modes), the beating phenomenon of multimode frequencies occurs. This beating subsequently causes the coherence length to oscillate and the optimal measurement distance to repeat itself at 99 + 204n (mm), where n denotes an integer number. Then, the minimum focal length of the auto-focal lens is 0.35 mm. The allowable scanning angle range and scanning speed are ±20 • and 2000 • s −1 , respectively. This one-dimensional (1D) LDV measures the out-of-plane velocity in the range of 0.01 µm s −1 to 10 m s −1 over a target surface based on the Doppler frequency-shift effect of light. More specifically, this heterodyne based LDV computes the frequency shift of the laser beam reflected from a vibrating target surface from its interference with a reference laser beam [7] . Here, the intensity of the reflected laser beam with respect to the reference beam governs the sensitivity of the LDV, and the intensity of the reflected laser beam highly depends on the surface condition. For a rough surface, a special surface treatment is often necessary for the enhanced reflectivity of the returned laser beam.
The control unit consists of a personal computer (PC), controller, velocity decoder with a maximum velocity sensitivity of 1 mm s −1 V −1 and a 14-bit digitizer with a maximum sampling frequency of 350 kHz. The controller sends out trigger signals to launch the excitation laser beam and to simultaneously start the data collection. In addition, the controller generates control signals to aim the excitation and sensing laser beams to the desired target positions. To achieve this, a coordinate transform matrix is developed to merge the two separate coordinate systems used by the excitation and sensing units into a single shared coordinate system. The velocity decoder computes the out-of-plane velocity by relating it to the frequency shift of the laser beam reflected from the target surface based on the Doppler effect. The measured signals are then stored and processed on the PC. Once the ultrasonic responses have been collected at multiple points over the target structure, the corresponding ultrasonic wavefield images are constructed using MATLAB R codes developed in this study and stored on the PC.
Laser ultrasonic scanning schemes
When the proposed laser scanning system is used with a surface mounted lead zirconate titanate (PZT) transducer, ultrasonic wavefield images can be constructed in four different scanning schemes as shown in figure 2: (a) fixed-point PZT excitation and scanning laser sensing (FP/SL), (b) scanning laser excitation and fixed-point PZT sensing (SL/FP), (c) fixed-point laser excitation and scanning laser sensing (FL/SL) and (d) scanning laser excitation and fixed-point laser sensing (SL/FL).
The biggest advantage of FP/SLin figure 2(a) is that any arbitrary waveform such as a narrowband toneburst signal can be sent to an excitation point with the highest energy level among all four schemes. However, multiple ultrasonic time signals often need to be measured at a single sensing point and averaged to improve the signal-to-noise ratio (SNR) due to the low sensitivity of the LDV. The sensitivity of the LDV strongly depends on the surface condition of the sensing points and the incident angle of the sensing laser beam over the scanning area. For example, a polished surface is advantageous when the sensing laser beam is perfectly perpendicular to the target surface because the majority of the incident laser beam is reflected straight back to the receiver. On the other hand, the returned laser beam intensity decreases as the incident angle of the laser beam increases. Therefore, a retroreflective tape or special coating is often applied to the sensing surface to increase the light intensity of the backscattered laser beam along the incident angle and to improve the LDV sensitivity.
A similar wavefield image can be created by SL/FP in figure 2(b). However, SL/FP is more effective than FP/SL, particularly for curved surfaces or large scanning areas because ultrasonic generation by the Nd:YAG laser is little affected by the surface irregularity and the incident angle of the excitation laser beam. Typically, the allowable incident angle for an excitation laser is up to ±70 • [13] and ±20 • for a sensing laser [7] . Table 1 shows the representative SNR of signals obtained from the FP/SL and SL/FP schemes and reveals that the SNR of SL/FP is better than that of FP/SL in this specific application. A modulated toneburst input with a center frequency of 100 kHz and 5 Vpp was used for FP/SL while a broadband pulse with 1 MW peak power was employed for SL/FP. In both cases, the signals were obtained from an aluminum plate with a dimension of 800 × 400 × 6 mm 3 when the incident angle of either excitation or sensing laser beam was 20 • with respect to the target surface. The distance between the excitation and sensing points was 50 mm, and the ultrasonic responses were measured and averaged 128 times in the time domain. Note that a reciprocity relation does not apply to the ultrasonic images created by FP/SL and SL/FP in figures 2(a) and (b) because their ultrasonic excitation and sensing mechanisms are inherently different. Furthermore, these two scanning schemes are still bounded by the limitation of contact-type PZT transducers, thus an increased number of PZT transducers need to be placed for large area scanning. Next, two separate lasers can be used for complete noncontact ultrasonic excitation and sensing. If a fixed laser excitation in FL/SL of figure 2(c) is used instead of the PZT excitation in FP/SL of figure 2(a), the energy level of the generated ultrasonic waves is significantly reduced and even more time averaging is necessary to achieve an acceptable SNR. Furthermore, the peak power, beam size, pulse duration and wavelength of the excitation laser beam need to be carefully optimized to properly generate ultrasonic waves without causing ablation of the target surface, and these parameters are influenced by the material properties of the target structure. It should be noted that the input waveform of a laser excitation is generally limited to a pulse, although special techniques are available to generate narrowband inputs [22, 23] .
From the linear reciprocity of ultrasonic waves [24, 25] , it can be easily shown that an ultrasonic signal excited by a pulse laser at point A and measured by a sensing laser at point B is identical to the one excited by the same pulse laser at point B and measured by the identical sensing laser at point A. Based on this reciprocity, the ultrasonic image generated by FL/SL in figure 2(d) should be identical to that created by SL/FL in figure 2(c) .
In practice, scanning the excitation laser is more effective than scanning the sensing laser because ultrasonic generation by the Nd:YAG laser is little affected by the surface irregularity and the incident angle of the excitation laser beam as described before. Table 2 summarizes representative SNR values obtained by changing the incident angles of the excitation and sensing laser beams. Here, the specimen, the input waveform, the distance between the excitation and sensing points and the number of time averagings remain identical to those of the previous SL/FP scheme in table 1. The results in table 2 show that the excitation angle has little effect on SNR but SNR significantly deteriorates as the sensing angle increases. When a retroreflective tape is placed on the sensing point, this decreased SNR is improved back to the level comparable to the one obtained by SL/FP in table 1. Based on the observations, the SL/FL scheme is employed for subsequent ultrasonic imaging presented in this study.
Development of an image processing technique for automated crack visualization and diagnosis
Once ultrasonic images are obtained from the laser ultrasonic scanning system, an image processing technique is developed here so that a hidden crack can be automatically visualized and detected. First, it is studied how ultrasonic waves interact with a crack, and standing waves, which are a unique signature of ultrasonic waves produced by the presence of a crack, are identified. Then, a statistical inference based on extreme value statistics is developed and performed on this damage-sensitive feature to visualize the crack. The detailed procedures are described below.
Understanding of crack-induced standing waves
When ultrasonic waves propagating along a plate encounter a crack, a portion of them are reflected and the remainder are transmitted through the crack. These interactions of ultrasonic waves with the crack generate standing waves. To understand the mechanism of crack-induced standing waves, assume that two harmonic waves, i.e. an incident wave (I(x, t)) and a reflected wave (R(x, t)) generated by the crack, propagate along the plate in the positive and negative x directions as shown in figure 3 . The two harmonic waves are given by
where A and B represent arbitrary amplitudes and A is typically larger than B. k, x, ω, φ and t denote wavenumber, spatial coordinate, angular frequency, arbitrary phase and time, respectively. It should be noted that although the actual waveforms of the propagating waves would be more complex, the pure harmonic waveforms are assumed in equation (1) for simplicity without the loss of generality. Then, the total wave (W T (x, t)) in front of the crack can be written as [19] W T (x, t) = I(x, t) + R(x, t) = A cos (ωt − kx) + B cos (ωt + kx + φ)
Standing wave (2) wherex is the shifted coordinate given byx = x + φ 2k . Equation (2) explains that standing waves are generated when the reflection encounters the initial incident wave. When transient waves are employed instead of continuous sinusoidal waves, the generation of a standing wave becomes momentary and dominant only in the vicinity of the crack. The objective of the proposed image processing technique is to extract and isolate only this standing wave component from W T (x, t).
Isolation of crack-induced standing wave energy
Once W T (x, t) is obtained at all spatial points of interest, it can be decomposed into forward (W F (x, t)) and backward (W B (x, t)) propagating waves using a frequency-wavenumber (f -k) domain analysis. First, W T (x, t) in the time-space (t-s) domain is transformed into the f -k domain using a 2D Fourier transform (2D FT) [20] :
where w T (k, ω) is the total wave in the f -k domain. Now, window functions, F and B , are introduced so that forward (w F (k, ω)) and backward (w B (k, ω)) propagating waves can be decomposed from w T (k, ω) in the f -k domain:
where
The resultant waves in the t-s domain are obtained using an inverse two-dimensional Fourier transform (2D FT) as follows:
In equation (5), W F (x, t) and W B (x, t) include only forward and backward propagating waves, respectively. This wave decomposition process for 1D wave propagation can be readily extended for 2D wave propagation using a threedimensional (3D) FT and inverse FT. Next, the crack-induced standing wave energy (SWE (x, t)) is isolated from W T (x, t). First, the energy of W T (x, t) is defined as Then, the standing wave energy can be obtained from W T (x, t), W F (x, t) and W B (x, t):
This process is called a SWE filter hereafter. Then, a cumulative SWE(x, t) (CSWE) is defined as a function of time as follows:
Finally, a CSWE image is constructed by computing the CSWE values at all spatial points of interest. This CSWE image makes it possible to identify and localize the crack within the scanning area.
Image processing for automated crack visualization and diagnosis
In this subsection, a new image processing technique based on the SWE filter is developed so that crack formation can be automatically visualized without user intervention. The essence of the proposed image processing technique is to establish a threshold (TR) without using any baseline data obtained from the pristine condition of the test structure so that the true standing wave energy can be spontaneously separated from other background noise components. The image processing procedure is summarized here along with figure 4.
(1) Once W T (x, t) is obtained at all spatial points, each response signal is divided into two segments as shown in figure 4(a): segment A before the triggering time (t f ) includes only pre-triggered noise components, and segment B after t f contains all actual ultrasonic response components. Here, t f is the triggering time point of the excitation pulse laser. The background noise level caused by measurement noise, speckle noise, variation in each laser excitation etc. can be estimated from the signal components within segment A. (2) Cumulative noise energy (CNE) is computed by applying the SWE filter on the x-axis to the segment A signal components obtained from each spatial point. Once CNE values are obtained from all scanning points, the probability density function of CNE values is estimated by fitting a Weibull distribution, which is one of extreme value distributions [26] , to the CNE populations. Then, TR corresponding to a one-sided 99% confidence interval is established. (3) CSWE is computed in the same manner as the previous step but using the signal components within segment B. Here, the time lengths of segments A and B should be identical. The final CSWE image shows only CSWE values larger than TR at each spatial point. If a crack is within the scanning area and large enough to create standing wave energy beyond the background noise level, it should be automatically visualized and highlighted in this final CSWE image.
Experimental study

Description of experimental setup
To examine the feasibility of the proposed laser ultrasonic scanning system and image processing technique, ultrasonic scanning was carried out using an aluminum plate. The overall test configuration and target specimen are shown in figure 5 . The distances from the Nd:YAG laser and LDV to the target specimen were 500 and 900 mm, respectively, as shown in figure 5(a) . Here, the distance of the LDV was selected considering its coherence length. The test specimen is an aluminum plate with a dimension of 800 × 400 × 6 mm 3 as displayed in figure 5(b) . A 20 mm-long, 3 mm-deep and 2 mm-wide notch was introduced on the opposite side of the scanning surface. Note that the notch reasonably represents an open crack if the width of the notch is significantly smaller than the wavelength of the ultrasonic waves [27] . As discussed before, the SL/FL scheme described in figure 2 is employed here. For the Nd:YAG laser, the repetition rate, peak power and laser beam size were set to be 20 Hz, 1 MW and 2 mm, respectively. Then the corresponding responses were measured by the LDV with a sampling frequency of 350 kHz at a fixed point shown in figure 5(b) , and the velocity sensitivity was set to 10 mm s −1 V −1 . A retroreflective tape was placed at the sensing point of the target structure. The response signals were measured 128 times for each excitation point and averaged in the time domain to improve the SNR. Then, a bandpass filter with 100 and 350 kHz cutoff frequencies was used. Note that the cutoff frequencies should be adjusted depending on a number of factors such as the thickness of the waveguide, the duration of the excitation pulse laser, the target defect size, the sampling rate of the LDV and so on. An area of 50 × 50 mm 2 was scanned by the excitation laser beam with a spatial resolution of 2 mm.
Experimental results
Once W T (x, y, t) is collected from all scanning points of the aluminum plate using the developed laser ultrasonic scanning system, the W T (x, y, t) image is constructed by assembling all W T (x, y, t) data within the scanning area. Figure 6 shows the snapshots of W T (x, y, t) obtained from the aluminum plate with a notch at 14.30 µs, 18.40 µs and 22.50 µs, respectively. Here, the amplitude of each snapshot is normalized with respect to its maximum value. Figure 6 (b) shows that ultrasonic waves propagating from right to left were partially blocked by the hidden notch on the opposite surface, and momentary standing waves are observed in figure 6(c) . Now, propagating waves are decomposed using the f -k domain analysis. W T (x, y, t) is transformed to w T (k x , k y , ω) using 3D FT and the corresponding wavenumber plot is displayed in figure 7(a) . The wavenumber plot is useful for understanding the directionality of propagating waves. The decomposed w F (k x , k y , ω) and w B (k x , k y , ω) are shown in figures 7(b) and (c). The resultant W F (x, y, t) and W B (x, y, t) images at 14.30, 18.40 and 22.50 µs are shown in figures 8 and 9. Incident waves transmitted through the hidden notch are clearly shown in figure 8 while only reflected waves from the hidden notch are shown in figure 9 .
Next, the CSWE images are compared to cumulative total wave energy (CTWE) images so that the performance of the proposed image processing technique can be examined. CTWE is given by equation (9) and its image is obtained by assembling CTWE at all scanning points:
(a) (b) (c) 
(a) (b) (c) (a) (b) Figure 11 . Automated crack visualization with a notch: (a) CTWE and (b) CSWE images.
Figures 10 and 11 compare the CTWE and CSWE images obtained from both undamaged and damaged conditions of the plate. For the undamaged plate, the high energy concentration of the incident waves and additional noise components appear in the CTWE image captured in figure 10 (a) while they are all eliminated in the CSWE image in figure 10(b) . After introducing the notch on the opposite side of the scanning surface, the hidden notch is visualized in the CTWE image along with the high energy concentration of the launching waves and noise components as shown in figure 11(a) . On the other hand, only the notch is accentuated in the CSWE image of figure 11(b) , revealing the location and size of the actual hidden notch. However, the estimated notch size of 1.5 × 18 mm 2 underestimated the actual notch size of 2 × 20 mm 2 .
Conclusion
This paper presents a complete noncontact laser ultrasonic scanning system and a novel image processing technique for automated crack visualization and diagnosis. The effectiveness of the proposed technique was experimentally demonstrated by visualizing and characterizing a hidden notch in an aluminum plate. It is envisioned that the proposed scanning system and image processing technique can provide the following advantages: (1) because the proposed scanning system can achieve high spatial resolution, it is effective for incipient damage detection; (2) because the proposed technique performs damage diagnosis without any previous baseline data, it can minimize false alarms due to changing operational and environmental conditions [28, 29] ; (3) since no sensors or only a few retroreflective tapes need to be placed, the laser scanning system can be rapidly deployed. However, it should be noted that there are still a number of challenges associated with laser ultrasonic techniques. For example, there can be an eye-safety issue associated with the excitation laser beam because of its relatively high intensity. In addition, noncontact ultrasonic measurements are sensitive to weather, exposure and target surface conditions, especially for outdoor applications. A follow-up study is ongoing to investigate the effect of the crack orientation with respect to the wave propagation direction and to examine the detectability of an actual crack rather than a notch. A further study is also warranted to extend the present study for actual damage detection within more complex structures with additional structural features.
